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Abstract 10 
The keyhole mode in laser powder bed fusion (LPBF) additive manufacturing can be associated with 11 
excessive porosity and spatter, however, the underlying physics in multilayer build conditions remain unclear. 12 
Here, we used ultra-fast synchrotron X-ray imaging to reveal this phenomena. We revealed melt pool 13 
dynamics, keyhole porosity and spatter formation mechanisms and their impact in all layers of the build. We 14 
observed that the transient melt pool dynamics associated with the keyhole include: (I) keyhole initiation, (II) 15 
keyhole development, and (III) melt pool recovery. Porosity and spatter were associated with stages (II) and 16 
(III). We also discovered that droplet spatter can form due to the collapse of the keyhole recoil zone, causing 17 
molten particle agglomeration and ejection during stage (III). Our results clarify the transient dynamics behind 18 
the keyhole mode in a multi-layer LBPF process and can be used to guide the reduction in porosity and 19 
spatter in additive manufacturing. (150 words) 20 
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1. Introduction 25 
Laser additive manufacturing (LAM), such as laser powder bed fusion (LPBF), is a key enabling technology 26 
that facilitates the fabrication of components with complex shapes directly from digital designs, layer by layer. 27 
LPBF is among the most promising methods in LAM due to its high accuracy1. The technique has been 28 
adopted in aerospace2,3, biomedical4,5 and energy storage6,7 applications. However, the utilisation of LPBF 29 
for the manufacture of safety critical metallic components is hindered by technical challenges during 30 
processing which can lead to the formation of porosity, lack of fusion and cracking in the final part. Those 31 
features have a detrimental effect on the mechanical properties such as static strength, fracture toughness 32 
and resistance to failure by fatigue during cyclic loading. Porosity formation during melting and re-33 
solidification of tracks in the powder bed, as successive layers are built, is one of the principal features that 34 
leads to reduced properties. In LPBF, the spatter, which is the ejection of particles from the melt pool during 35 
melting of powder materials, is a detrimental by-product which can contaminate the powder bed and/or 36 
adhere to the solidified track surface and increase the surface roughness. Both of these phenomena 37 
potentially increase the probability of porosity formation8,9 in subsequent layer additions and so spatter 38 
formation10 is a significant issue. It is therefore essential to gain an enhanced understanding of, and ability to 39 
prevent, porosity and spatter formation in order to realise the goal of industrialised production of safety critical 40 
LAM components. 41 
Depending on laser energy density, a crucial indicator of energy input associated with laser power and scan 42 
speed, the laser-matter interaction may exhibit conduction mode or keyhole mode11 melting during LPBF. If 43 
the energy input exceeds a certain criteria12, LPBF is operated in keyhole mode when the power density of 44 
the laser beam is sufficient to generate metal evaporation. It is featured by a vapour cavity that enhances the 45 
laser absorption. The keyhole mode laser melting is frequently employed in LPBF as it allows the laser energy 46 
to transfer more efficiently to the powder layer by incorporating multiple reflections of the laser in the vapour 47 
cavity of the keyhole13. Consequently, the laser-matter interaction is very complex due to strong vaporisation 48 
of material from the molten pool and the flow of molten metal in the keyhole, driven by recoil pressure and 49 
Marangoni convection14. Whilst there are clear benefits to the use of keyhole mode conditions in LPBF, it 50 
often leads to excessive porosity14 and spatter15 if processing parameters are not properly controlled.  51 
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Therefore, it is critical to understand the mechanisms of porosity formation and spatter generation associated 52 
with the keyhole mode in order to optimise the integrity of components built by LPBF.  53 
Recently, much research, including high speed imaging of the operation of LPBF, microstructural 54 
characterisation of built parts and computational modelling of the process has been performed to attempt to 55 
better understand keyhole and spatter phenomena16,17. In situ and operando high-speed X-ray radiography 56 
investigations have been proven to capture the transient phenomena in a range of processes, including 57 
LPBF18,19. Third-generation synchrotron radiation sources20,21 enable high intensity X-rays to penetrate 58 
through a sufficient thickness of a metallic sample with ultra-high temporal (tenths of microseconds) and 59 
spatial (a few micro- metres) resolution. In LAM, synchrotron in situ research has focussed predominantly on 60 
single powder layer conditions in the experimental design to visualise the keyhole morphology22 and the gas-61 
liquid interface fluctuation23 of the keyhole wall in a substrate plate. Additionally, pore circulation and 62 
elimination by thermocapillary force24 and during hatching25 has also been explored. A pore mitigation 63 
strategy was proposed to prevent pore formation by modulating laser power in keyhole mode with powder 64 
density of ~10.2 MW cm-2 25. While powder spatter is reported to be induced by the metal vapour jet/plume26, 65 
laser absorption of powders and the role of powders and previous layers in multi-layer conditions were not 66 
addressed. Keyhole mode melt pool dynamics and its relation to both porosity and spatter formation 67 
mechanisms, especially in multi-layer conditions, are thus still unclear. Materials including stainless steel10, 68 
bio-glass19 and AlSi10Mg24 have been explored in situ for their behaviour under laser irradiation. However, 69 
spatter formation in Ti-6Al-4V, which is a key material for aerospace and biomedical applications, has only 70 
been investigated in the bulk material.27 71 
In the present work, we perform in situ and operando synchrotron X-ray radiography of LPBF in a five-layer 72 
build condition on a solid substrate, with 100 µm powder layer thickness on each layer. Our aim is to 73 
investigate the melt pool dynamics of the keyhole mode and its relationship with porosity and spatter 74 
formation mechanisms in Ti-6Al-4V. We reveal the melt pool dynamics which is a cyclic event with a transient 75 
separation of the portion of the melt pool in front of the laser. We elucidate how this cyclical process is related 76 
both to the generation of keyhole porosity and spatter formation in every layer of a build. The results 77 
presented in this work provide an enhanced understanding of LPBF AM which is directly relevant to multilayer 78 
powder bed printing of parts. The mechanisms observed are potentially applicable to other laser materials 79 
processing techniques such as directed energy deposition and laser welding. 80 
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2. Materials & Methods 81 
2.1 In situ and operando synchrotron X-ray imaging 82 
In situ and operando X-ray imaging on the ID19 beamline at the European Synchrotron Radiation Facility 83 
(ESRF) was performed to capture the melt pool and transient porosity and spatter dynamics in this study. 84 
The LAM process replicator, the In Situ and Operando Powder bed process Replicator (ISOPR), which 85 
mimics a commercial L-PBF system was developed so that it could be accommodated on the synchrotron 86 
beamline. The replicator comprises a laser and optical system, a powder bed with a vibration assisted gravity-87 
fed powder hopper, a blade-type spreader and a processing chamber with an argon flow and Kapton X-ray 88 
windows. A 1070 nm Ytterbium-doped fibre laser (SPI Lasers Ltd, UK) of 200 W laser power (P) was selected 89 
for the laser system. It operates in a continuous-wave (CW) mode. It is equipped with f-theta lens to focus its 90 
spot size down to with a D4σ 50 μm with a symmetric Gaussian shape. The corresponding control system 91 
allows the scan speed (v) can reach 4 m s−1. The actual scan speed was selected to enable a continuous 92 
track to be formed during laser melting. To adapt to X-ray imaging, a region of the powder bed 40 mm in 93 
width, 3 mm in height, and 0.3 mm in thickness were chosen (Supplementary Figure 1). It is positioned 94 
perpendicular to the X-ray beam and the laser beam (Fig. 1a). Two glassy carbon windows are fitted on the 95 
two sides of the CP-Ti substrate for complete transparency for the X-ray beam. Ti-6Al-4V powder 96 
(Supplementary Figure 2) is spread onto the substrate with hopper and the thickness is controlled with the 97 
motorised stage and blade spreader.  98 
In this work, a commercially pure Ti substrate with dimensions of 46 mm in length and 0.3 mm in thickness 99 
in the x-ray direction was used as a substrate for the powder bed. The powder thickness of the first layer was 100 
controlled to be 100 µm and, after the melt-track was deposited the substrate was lowered by 100 µm and a 101 
new layer of powder was added. A schematic of the X-ray imaging process is shown in Figure 1a. Gas 102 
atomised Ti-6Al-4V powder was used in the experiments with a size range of 5 - 70 µm and a d50 (median 103 
diameter) of 45 µm (see Supplementary Figure 2). The powder bed is positioned inside the environmental 104 
build chamber which has X-ray windows and a flow of argon at 4 L min-1 is maintained throughout the 105 
experiment (see Supplementary). The scan speed was selected to be 100 mm s-1 to enable operating in 106 
keyhole mode with optimal imaging condition. In this operation condition, the laser powder density is 10.2 107 
MW cm-2 which is above the threshold of ~0.4 MW cm-2  for keyhole mode operation28. 108 
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A polychromatic beam was used for all trials with a peak X-ray energy of approximately 50 keV and a mean 109 
energy of approximately 30 keV. The X-ray imaging system consisted of a 200 µm thick LuAg: Ce scintillator 110 
and a 4× magnification long working distance objective lens (0.21 NA). The X-ray images was captured by a 111 
Photron FASTCAM SA-Z 2100K at 40 kfps. This configuration provided an imaging resolution of 112 
approximately 4.76 µm per pixel and an exposure time of 12.5 µs. 113 
2.2 Image processing and quantification 114 
We first apply a dark field correction in the Photron camera prior the image acquisition, and then we 115 
processed all the acquired radiographs using ImageJ29 and Matlab©. The acquired images are further 116 
corrected to form a flat-field corrected (FFC) image by dividing by an average of 100 flat field images19.  117 
The melt pool was segmented using Otsu’s threshold method30. And we used iterative PIV (Cross-correlation) 118 
plugin31 from ImageJ to track the powder particles, melt flow and spatter (Details see Supplementary Figure 119 
3). To increase the image contrast and signal-to-noise ratio, we applied a local-temporal background 120 




                                                                                                                                                   (1) 122 
Where LTBS is the local-temporal background subtracted image, FFC is the flat field corrected image, and 123 
Ilavg is a local average of 50 of the nearest neighbour images (25 before and 25 after). 124 
3. Results & Discussion 125 
3.1 Evolution of a multi-layer melt track during LPBF on a substrate plate  126 
We performed in situ and operando X-ray imaging on the ID19 - Micro-tomography beamline at ESRF to 127 
capture the transient phenomena during the LPBF of Ti-6Al-4V powder. The time-resolved evolution of the 128 
morphology of each melt track in a multi-layer series of melt tracks was captured by the X-ray imaging during 129 




Figure 1. Evolution of a multi-layer melt track during LAM on a substrate plate. (a) Schematic of the in situ and operando X-ray imaging of LPBF AM 132 
of Ti-6Al-4V. Scale bar = 500 µm. (b) Corresponding SEM images (top view and side view) of the multi-layer melt track built during the in situ and 133 
operando experiment. Scale bar = 100 µm. (c)-(e) Time-series radiographs acquired during LAM of a Ti-6Al-4V 100 µm melt track under P =200 W, 134 
v = 100 mm s-1 during layer 1, layer 2 & layer 5 of the build, respectively. Three radiographs were chosen for each layer of the build to indicate the 135 
initial, middle and final stage of the build in each track and the time since the build started is marked on each radiograph. The melt tracks were 136 
deposited in an alternating directional strategy but the radiographs were reversed to keep the building directions uniform and are from left to right in 137 
the images. A significant number of keyhole pores are found at the interface between the deposited layers. See Supplementary Video 1. Scale bar = 138 
100 µm. (f) Enlarged view of the vapour depression area (filtered using local-temporal background subtraction) in the dotted boxes in Figure 1(c), (d) 139 
and (e). The melt pool appears in projection to be separated into two portions: ahead of and behind the laser beam induced key-hole. Droplet and 140 




The melt tracks were deposited in an alternating directional strategy up to 5 layers in height. Figure 1c-e 143 
shows three images from the radiograph series taken from the start, middle and end of the deposition of the 144 
first, the second and the fifth layers, respectively (see Supplementary Video 1). The laser beam was seen to 145 
have consolidated powder particles into a continuous melt pool via laser melting and subsequent formation 146 
of a solidified melt track. The use of a thin substrate had a side-effect in the first layer of build. The melt pool 147 
touched the side wall, causing the surface of the melt-track to become depressed below the level of the 148 
original substrate. At the point of laser-matter interaction the laser is shown to have created a deep vapour 149 
depression, forming a keyhole throughout the melting process. Figure 1f provides an enlarged view of the 150 
vapour depression area in Figure 1c-e. We applied local-temporal background subtraction (details see 151 
methods section) to reveal the keyhole and spatter. Although one denuded (or powder free) zone surrounding 152 
the laser beam  was reported previuosly8 when observed from above,  the radiographs showed that the melt 153 
pool is in fact separated into two portions: ahead of and behind the laser beam induced keyhole. This 154 
phenomenon was clearest in layer 1 as the image contrast between the melt pool and the substrate plate 155 
was better than with the powder in subsequent layers. 156 
Most droplet and some powder spatter were ejected by the metal/gas vapour jet from the denuded zone 157 
(powder-free zone) with most of the droplet spatter ejected with an angle near normal to the substrate surface. 158 
We can distinguish whether spatter is droplet or powder by its diameter. Powder spatter had a diameter in 159 
the range of powder particles (~ 45 μm). Droplet spatter usually has a larger diameter (> 100 μm) which is a 160 
molten droplet formed from powder agglomeration. Of the powder spatter, some ejected normal, but some 161 
was observed to be ejected towards the melt track with a low angle.  162 
Pores formed near the base of the keyhole and were apparently trapped by the fast-moving solidification 163 
front, preventing them from rising upwards or escaping through the surface of the melt pool via Marangoni 164 
convection. In this multi-layer build, the laser beam re-melted the previous layer whilst also consolidating 165 
powder particles in the track. A significant number of pores was found at the interface between the deposited 166 
layers (see Figure 1e – layer 5). 167 
3.2 Keyhole melt dynamics and related spatter formation mechanism  168 
A transient cyclic phenomenon of the keyhole melt pool dynamics was observed. (Figure 2 and 169 
Supplementary Video 2 & 3). We employed particle tracking to track powder particles movements and infer 170 
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the fluid flow to elucidate melt pool dynamics and spatter formation. (Supplementary Figure 3) The dynamics 171 
of the keyhole melt pool can be defined as three stages. During Stage I, after a melt pool was formed at the 172 
start of the scan, the intense laser beam (power density of ~10 MW m-2) separated the melt pool and created 173 
a vapour depression (keyhole). The narrow keyhole channel was known to be the result of the vaporisation 174 
of the alloy and the multiple reflections of the laser beam on the keyhole walls13. The superheated vapour 175 
expanded and caused a high-velocity jet of gas normal to the substrate surface (estimated up to 700 m s-1)32 176 
from the keyhole channel. Some of powder particles in the vicinity of the keyhole were ejected nearly normal 177 
to the substrate’s surface with an average speed of 3 m s-1 as powder spatter (Supplementary Figure 4). 178 
 179 
Figure 2. Melt pool dynamics revealed by X-ray imaging. (a) Schematics of the melt pool dynamics and spatter formation mechanisms in the first layer 180 
of build (See Supplementary Video 2). The melt pool is separated into two portions by the keyhole: ahead of and behind the laser beam. The 181 
Marangoni and recoil flow are contradictory and it caused a ‘cut-off’ of the melt flow underneath the vapour depression. Powder particles were being 182 
entrained into the melt-pool in the vicinity of the keyhole following the recoil flow and it formed molten droplets. Most droplet and some powder spatter 183 
are ejected by the metal/gas vapour jet from the denuded zone.  (b) Schematics of the stages of the melt pool oscillation in the first layer. Three 184 
stages of melt pool dynamics were summarised as (I) Keyhole initiation, (II) Keyhole development, and (III) Molten pool recovery. The schematics 185 
were processed by image segmentation and the corresponding radiographs were revealed through local-temporal background subtraction. Scale bar 186 
= 100 µm. (c) Schematics of the melt pool dynamics in the subsequent layers ( The phenomenon see Supplementary Video 3). The phenomenon is 187 
similar to the first layer of build. Due to the re-melting of the previous layer, there was no distinctly visible melt bead in front of the laser, however, the 188 
elongated front melt pool was still visible which is formed by vapour driven powder entrainment. 189 
In stage II, the high-velocity intense vapour jet in Stage I caused a pressure decrease inside the keyhole33. 190 
As the high-velocity metal vapour jet propagated, it entrained argon gas and diverged. This induced a 191 
denudation zone33 where powder particles were being entrained into the melt-pool in the vicinity of the 192 
keyhole following the recoil vapour flow and were engulfed into the front melt bead by capillary forces (see 193 
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Supplementary Video 2), creating a recoil flow. This is similar to the vapour-driven powder entrainment 194 
observations reported previously when building takes place on loose powder34. 195 
The Marangoni convection in the back portion of the melt pool is seen to be directed opposite to the building 196 
direction32 and  the recoil flow. As a result, it caused a temporary stall of the melt flow underneath the vapour 197 
depression and allowed the laser beam to vaporise this stagnant region and ‘cut-off’ the portion of the melt 198 
pool ahead of the laser (See Supplementary Video 2). Meanwhile, the melt bead in front of the laser increased 199 
the volume due to the entrainment of powder particles. During which, the powder particles on the top 200 
agglomerated by wetting and formed a molten droplet. These droplets were then entrained into the high 201 
temperature metal vapour and increased the pressure in the keyhole leading to Stage III. This is when the 202 
increase of keyhole pressure stabilized the keyhole and the front melt bead coalesced with the rear portion 203 
via wetting (See Supplementary Video 2). The melt pool recovery in the first layer was about ca. 1 ms after 204 
keyhole ‘cut-off’ in Stage II. 205 
Overall, it is evident that the melt pool dynamics generated a perturbation of pressure in the vicinity of the 206 
keyhole, leading to changes in keyhole morphology and droplet spatter ejection (Figure 3). The  mechanism 207 
is similar to that seen in the  laser welding process described previously35.  208 
During Stage II of keyhole development in the first layer build, the projected keyhole was a narrow channel, 209 
as seen in Figure 2. The decrease of vapour pressure at this moment enabled the powder particles to 210 
agglomerate and to form droplet under recoil pressure without being ejected from the denudation zone (at 211 
10.52 ms). During Stage III, Molten pool recovery, the keyhole opened up. Meanwhile, the vapour/gas jet 212 
with an increased pressure carried the droplet out of the keyhole with an angle near normal to the substrate 213 
surface (at 10.61 ms). The pressure in the keyhole then decreased before a new front melt pool is formed at 214 
Stage I(at 10.70 ms). We observed that the phenomena was more drastic with an increase of powder layer 215 
thickness. It indicated that an excess of powder particles was the main reason contributing to the pressure 216 
variation.  217 
A similar cyclic phenomenon of the keyhole melt dynamics was also found in subsequent layers of the build 218 
(Supplementary Video 3). A vapour depression was formed on the previously built layer instead of the base 219 
plate after a melt pool was formed. Due to the re-melting of the previous layer, although the elongated front 220 
melt pool was still visible which was formed by vapour driven powder entrainment, the dynamic behaviour of 221 
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the melt pool was not as clear as in the first layer. Similar to the first layer build, the vapour-driven powder 222 
entrainment enabled the front melt pool to increase its volume before it coalesced with the main melt pool. 223 
We observed that the melt pool separation phenomenon repeats periodically throughout the whole laser 224 
scanning process, revealing a new track formation mechanism (Supplementary Video 2) which is 225 
summarised, into three stages: (I) keyhole initiation, (II) keyhole development, and (III) molten pool recovery.  226 
 227 
Figure 3. Time series of radiographs showing droplet spatter formation and its correlation with keyhole dynamics revealed through local-temporal 228 
background subtraction on the first layer of build. Three radiographs were chosen to indicate (a) droplet formation by molten powder agglomeration 229 
during Stage II Melt pool development, (b) droplet spatter ejection by the gas/vapour jet during Stage III Molten pool recovery, and (c) droplet spatter 230 
been ejected while the melt pool started another cycle and returned to Stage I Melt pool initiation. The time since the build started is marked on each 231 
radiograph. Scale bar = 250 µm.  232 
3.3 Keyhole porosity formation mechanism  233 
Keyhole porosity was observed to form during Stage II Melt pool development and Stage III Molten pool 234 
recovery. Abundant interlayer porosity was observed during the multi-layer build and pores are found to be 235 
introduced by the vapour depression.  We employed particle tracking to reveal melt pool dynamics and spatter 236 





Figure 4. Keyhole porosity formation mechanism revealed by X-ray imaging. (a) Schematics of the phenomenon of keyhole pore formation in the first 240 
layer (See Supplementary Video 4). Similar to Figure 2(a), the melt pool was separated by the keyhole. The keyhole ‘cut-off’ was due to the rapid 241 
gas/vapour expansion inside the keyhole. Most droplet and some powder spatter are ejected by the metal/gas vapour jet from the denuded zone. (b) 242 
Schematics of the stages of the melt pool oscillation in the first layer. The three stages of melt pool dynamics are summarised as (I) Keyhole initiation, 243 
(II) Keyhole development, and (III) Molten pool recovery. The laser-induced gas/vapour was then entrained into the melt track below the keyhole and 244 
formed a keyhole pore. The schematics were processed by image segmentation and the corresponding radiographs were revealed through local-245 
temporal background subtraction. Scale bar = 100 µm. (c) Schematics of keyhole pore formation phenomenon in the subsequent layers (See 246 
Supplementary Video 5). The phenomenon is similar to the first layer of build with a clear keyhole porosity formed in the melt track. (d) Schematics 247 
of the melt pool oscillation during keyhole pore formation in the subsequent layers. Three stages of melt pool dynamics were also summarised that 248 
matched with the first layer. Scale bar = 100 µm.  249 
We hypothesise that in regions where the packing density36 is locally reduced, more metal vapour is 250 
generated. This is due to a combination of the changes of surface contact area and the effective absorption 251 
and thermal conductivity from a looser powder layer. Lower packing density introduced higher local laser-252 
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powder interaction surface area, and it increased the local laser energy absorption, and thus increased the 253 
vaporization rate. We further hypothesise that when the powder packing density36 varies along the laser scan 254 
path, more metal vapour was generated, compared to even powder packing density. Along with sufficient 255 
ambient argon gas, it caused a rapid gas/vapour expansion inside the keyhole during Stage I Keyhole 256 
initiation. The gas/vapour expansion rapidly pushed the molten liquid around it, causing a ‘cut-off’ of the melt 257 
pool as in Stage II Keyhole development. As the result, the laser-induced gas/vapour was then been 258 
entrained into the melt track below the keyhole and formed a keyhole pore during Stage III Molten pool 259 
recovery (Supplementary Video 4). Similarly, in the subsequent layers of build, the rapid gas/vapour 260 
expansion in Stage I created a ‘cut-off’ of the melt pool in Stage II. The gas/vapour was then been entrained 261 
beneath the keyhole during Stage III and formed a keyhole porosity (Supplementary Video 5).  262 
3.4 Spatter formation mechanism correlated with keyhole porosity  263 
The drastic cyclic oscillation of the melt pool generated a recoil pressure which promotes spatter to be ejected 264 
out of the denudation zone as shown in Figures 1, 2, 3 and 4. Some powder spatter was ejected at a low 265 
angle with respect to the substrate surface plane. Meanwhile, the stronger gas/vapour jet from Stage II during 266 
keyhole porosity formation enabled agglomerated molten droplets to be carried out nearly vertically at an 267 
average speed of 2.2 m s-1 as droplet spatter, as shown in Figure 5 and Supplementary Video 6.  268 
 269 
Figure 5. Time series of radiographs showing droplet spatter formation is associated with the cyclical melt pool dynamics and has a strong correlation 270 
with keyhole pore formation revealed through local-temporal background subtraction on the subsequent layer of the build. See Supplementary Video 271 
6. Three radiographs were chosen to indicate (a) droplet formation by molten powder agglomeration during Stage II Melt pool development when a 272 
keyhole porosity was forming, (b) droplet spatter ejection by gas/vapour jet during Stage III Molten pool recovery when a keyhole porosity was formed, 273 
and (c) droplet spatter been ejected out while the melt pool started another cycle and back to Stage I Melt pool initiation. A keyhole porosity can be 274 
observed in the melt track. The time since the build started was marked on each radiograph. Scale bar = 250 µm.  275 
The dominant formation mechanism for a molten droplet is the agglomeration of molten powder particles 276 
induced by the recoil pressure37 during Stage II melt pool development. However, whether the molten droplet 277 
can be ejected as droplet spatter depends on the pressure of the vaporised gas flow from the keyhole. As 278 
we have observed, the agglomerated droplets can dissipate into the keyhole due to the lack of a sufficiently 279 
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strong vapour jet when keyhole porosity did not occur. We also hypothesize that droplet spatter ejection is 280 
correlated with the formation of keyhole porosity during which a higher vapour pressure is generated.  This 281 
phenomenon occurred in both the first layer and in the subsequent layers of the build. 282 
Conclusions 283 
We have used in situ and operando synchrotron X-ray imaging to uncover the key mechanisms of multi-layer 284 
LPBF of Ti-6Al-4V operating in keyhole mode. We revealed the underlying mechanisms of melt pool and 285 
keyhole dynamics and how this affected the mechanisms of porosity and spatter formation in multi-layer 286 
conditions. For the first time, we observed that melt pool separation and cyclic melt track evolution occurred 287 
during the building of 5 successive layers of Ti6Al4V. The melt pool oscillation involves three stages of 288 
evolution: (I) keyhole initiation, (II) keyhole development, and (III) melt pool recovery. We also elucidated 289 
both porosity and spatter formation mechanisms during the keyhole oscillation. Keyhole porosity was 290 
observed to form during the transient (I) keyhole initiation stage when the melt pool splits. Droplet spatter 291 
formation was directly correlated with the melt pool recovery stage by the agglomeration and subsequent 292 
ejection of powder particles introduced by recoil pressure in the denudation zone. The keyhole-related 293 
phenomena in a multilayer build were found to similar in all layers. Our results clarified the physics behind 294 
keyhole mode LPBF and can be coupled with modelling to improve the quality of LPBF built components. 295 
The mechanisms observed are applicable to more materials processing techniques such as laser welding 296 
and electron beam additive manufacturing where keyhole mode porosity and excessive spatter needed to be 297 
avoided. 298 
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